INTRODUCTION
According to the National Institute of Allergy and Infectious Diseases (NIAID) "Planning for the 21st Century" report (72) , one of the priorities for research in the fields of biodefense and emerging and reemerging infectious diseases is to "design new or improved vaccines that are safe and effective, with particular emphasis on multivalent and cross-protective vaccine strategies." To date, one of the most commonly encountered challenges for vaccine development is pathogen heterogeneity. In fact, a considerable fraction of unmet vaccine needs for infectious diseases are associated with pathogens naturally displaying significant levels of genetic diversity. In particular, RNA viruses pose a substantial challenge for vaccine development because of their propensity for rapid mutation and recombination. Over the past 5 years, our group has tested several strategies to overcome pathogen heterogeneity, utilizing the pathogenic arenaviruses as a model. In the present review, we summarize our findings from the arenavirus model and discuss their application to future vaccine design. Specifically, we undertook a detailed investigation of the cell-mediated immune response to several pathogenic arenaviruses, primarily by conducting large-scale murine, nonhuman primate (NHP), and human T cell epitope discovery.
In addition to arenaviruses, which are the subject of the present review, several other RNA virus families demonstrate a significant level of genetic diversity. For instance, human immunodeficiency virus (HIV) continues to provide a daunting challenge for vaccine development due to its high mutation rate, which allows for evasion of the adaptive immune response, as well as the inherent genetic variability found among HIV clades circulating worldwide (100) . Likewise, hepatitis C virus (HCV) vaccine design faces the obstacle of different genotypes that are found with differential prevalence in distinct locations (86) . The four dengue virus (DENV) serotypes provide a unique challenge, as heterologous reinfection is associated with dengue hemorrhagic fever and dengue shock syndrome (42, 81) . The genetic variability associated with influenza virus due to antigenic shift and/or antigenic drift is reflected in different strains and subtypes, forcing the development of yearly updated vaccines, and is also the cause of concern in the context of new influenza pandemics (25, 79) . It should also be pointed out that pathogen heterogeneity is not limited to RNA viruses, as different families of DNA viruses are of concern, such as adenovirus (41) and human papillomavirus (HPV) (71) , as well as bacteria such as Streptococcus pneumoniae (43) .
In general, two concepts, which are not mutually exclusive, are applicable to vaccine design for genetically diverse pathogens. First, it might be possible to combine antigens or epitopes derived from each of the different pathogen serotypes in the same vaccine and thus provide effective multivalent protection. A balanced immune response against protein-based vaccines can be achieved, as individual proteins can be added at different concentrations. This approach has proven itself in the case of the currently licensed vaccines against Streptococcus pneumoniae (i.e., Pneumovax 23), which contains capsular polysaccharide antigens from 23 of the most prevalent pneumococcal serotypes (10) , and HPV (i.e., Gardasil), which consists of capsid proteins derived from 4 different serotypes prominently associated with disease (19) . Although successful, multivalent vaccines, specifically live attenuated virus vaccines, are often associated with significant practical challenges in both their development and manufacturing, as it is often difficult to ensure that equivalent amounts of each antigen are present within the vaccine and that a sufficient immune response is elicited against each different component (47) . This has been the case for live attenuated tetravalent vaccine candidates against the four DENV serotypes, as these vaccines have not achieved a balanced attenuation and immune response to each of the four components used in the vaccine inoculum (reviewed in reference 104). Additionally, in human studies, DENV serotype-specific reactogenicity has been problematic (90) . Some multivalent vaccines also lack comprehensiveness, as coverage against less frequent or newly emerged virus strains is not achieved. This is not the case for the measles, mumps, and rubella (MMR) vaccine, as it provides complete immunity to three different live attenuated viruses. However, several highly pathogenic HPV serotypes, including 33, 43, and 56, are not covered by the current vaccines, and an alarming rise in the frequency of infections due to nonvaccine pneumococcal serotypes has been reported (18) .
A second vaccine approach is based on selecting antigens or epitopes that are relatively conserved between distinct pathogen serotypes. This method has the advantage of simplicity and has been considered for RNA viruses such as influenza virus (32, 89) and HIV (17) . However, this approach is associated with the fundamental problem that highly conserved antigens or epitopes might not exist, might be difficult to identify, or might be incapable of inducing significant immune reactivity. Furthermore, it is currently unclear whether conserved regions within pathogens might become variable if placed under selective immune pressure. The latter point may not necessarily be applicable to pathogens that cause incidental human infection as opposed to those for which the human host is the primary reservoir.
ARENAVIRUSES AS A MODEL FOR PATHOGEN HETEROGENEITY AND VACCINE DESIGN
As reviewed elsewhere (26, 29) , arenaviruses are members of the Arenaviridae family, consisting of a single genus (Arenavirus), which currently comprises at least 22 (26) . Their genomic organization is composed of two single-stranded RNAs that are encoded in ambisense fashion; the L segment (ϳ7.2 kb) encodes the RNA-dependent RNA polymerase (L) and the zinc finger binding protein (Z), while the S segment encodes the nucleoprotein (NP) and the glycoprotein precursor (GPC) (GPC is posttranslationally processed into GP1, GP2, and a stable signal peptide [SSP] ). Significant heterogeneity exists at the amino acid sequence level between different arenavirus species. For instance, the amino acid sequence identities range from 44 to 63% when homologous proteins of the seven Old and New World arenavirus species listed in Table 1 are compared (23) . Even within a given arenavirus species, amino acid sequence identities range from 90 to 95% (23) .
Each arenavirus typically establishes a persistent, asymptomatic infection within its primary rodent reservoir. Humans can become infected by exposure to infected rodents or their infectious excreta. Person-to-person transmission can occur vertically (11), nosocomially (20) , or through solid organ transplantation (35) . At least seven arenaviruses (LASV and LCMV from the Old World and JUNV, MACV, GTOV, SABV, and WWAV from the New World) are pathogenic in humans and cause a variety of disease manifestations, including severe hemorrhagic fever syndromes (reviewed in reference 40), aseptic meningitis (7), and/or congenital deformities (Table 1) (11) . Mortality among patients with arenaviral hemorrhagic fever ranges from 15 to 30% (62, 66) . Of these, Lassa fever is regarded as the most severe threat to human health, as LASV is responsible for 100,000 to 300,000 infections and ϳ5,000 deaths annually (66) . Because of the morbidity and mortality associated with arenavirus infection in humans, arenaviruses (20) or the guanosine analogue ribavirin, which can lead to adverse side effects such as thrombocytosis, severe anemia, and birth defects (34, 67) . Considering the current lack of vaccines and therapeutic treatment options for preventing and/or ameliorating human arenavirus disease, the development of effective vaccines is highly desirable. Given the practical challenges associated with the development and deployment of seven different arenaviral vaccines, the development of a multivalent vaccine capable of providing protection against the major arenavirus species associated with pathogenicity in humans is considered a priority.
Here we report the results of our studies to address these issues. Because antigen-specific CD8 ϩ T cells provide protective immunity against arenavirus infection (14) , our general interest was to determine whether we could identify an HLArestricted CD8 ϩ T cell epitope cocktail, derived from the seven arenaviruses pathogenic in humans (Table 1) , that would provide multivalent protection against these pathogens with universal population coverage. Additionally, we reasoned that the epitopes identified in our studies would also be of use as diagnostic reagents for evaluating the antigenicity of new vaccines or studying the natural history of T cell responses to arenavirus infection to determine their role in disease pathogenesis. We approached our studies along several different lines of investigation. One of our objectives was to define epitopes recognized in animal models of arenavirus infection, including epitopes restricted by common murine (H-2 b and H-2 d ) and rhesus macaque (Mamu) major histocompatibility complex (MHC) molecules. The rationale for these studies was, in part, that the definition of epitopes restricted by murine MHC would enable us to formulate and address specific questions answerable in the murine model of LCMV infection but also potentially applicable to the human system. Furthermore, we reasoned that the definition of potential epitopes recognized by an NHP species, such as rhesus macaques, would be of interest in facilitating the preclinical and clinical evaluation of vaccine constructs destined for human testing.
In a parallel series of studies, we sought to define epitopes restricted by human (HLA) MHC molecules. As very little is known regarding the natural history of the human T cell response to arenavirus infection, identification of HLA-restricted epitopes would enable studies to define the phenotypic characteristics associated with protective T cell responses. One of the most straightforward strategies to accomplish this goal is the study of peripheral blood mononuclear cells (PBMC) derived from humans previously infected by an arenavirus. However, the paucity of available samples from humans exposed to pathogenic arenaviruses, in general, rendered this approach problematic. Therefore, we relied on an alternative strategy, namely, the use of HLA transgenic mice. Strains of mice expressing some of the most common HLA class I and class II molecules have been developed (1) (2) (3) 97) . The availability of these mice allowed us to study, in a controlled experimental setting, HLA-restricted CD8 ϩ and CD4 ϩ T cell responses. Following the identification of HLA-restricted epitopes, our plan was to evaluate, in HLA transgenic mice, the immunogenicity of an epitope-based vaccine incorporating arenavirusspecific determinants and to test the hypothesis that simultaneous immunity could be induced against multiple arenavirus species. We were interested in examining whether this objective could be achieved by use of conserved and/or cross-reactive epitopes or would require the inclusion of different sets of epitopes, each derived from a different arenavirus species. We designated a conserved epitope as a peptide derived from multiple arenavirus species with an identical amino acid sequence, while a peptide with an orthologous amino acid sequence between different arenaviruses was considered a crossreactive epitope. Furthermore, we wanted to evaluate whether immunization with these epitopes could protect HLA transgenic mice from challenge with different arenavirus species. Finally, we wanted to demonstrate how the use of HLA supertype epitopes would provide balanced coverage across different HLA molecules prevalent in distinct ethnicities found worldwide. In all cases, we planned to submit the identified epitopes and associated data to the Immune Epitope Database (IEDB) (http://www.immuneepitope.org) (76) .
CELL-MEDIATED IMMUNE RESPONSE AGAINST ARENAVIRUS INFECTION

CD8
ϩ and CD4 ϩ T cell responses have clearly been associated with reduced pathology and protection against Old World arenaviruses in animal models of infection (13, 14, 50, 56, 99, 101) . Previous studies demonstrated that mice lacking CD8 ϩ T cells or the cytolytic protein perforin are incapable of resolving a primary LCMV infection (49, 101) . Studies have also shown that CD4 ϩ T cell-deficient mice were unable to mount an effective memory CD8 ϩ T cell response and control viremia following infection with highly virulent LCMV strains (50, 99) . Furthermore, vaccine strategies aimed at generating a CD8 ϩ T cell-mediated response confer protection against virus challenge in murine (13, 14, 56) , guinea pig (5, 69), and NHP (36) models of LCMV and LASV infection. In humans, cell-mediated immunity also seems to be critical for protection against LASV infection, as neutralizing antibodies appear several weeks or months after viral clearance (28, 37) , and treatment of infected patients with immune plasma does not protect against disease (65) .
In contrast, antibody-mediated immunity seems to play an important role in protecting against New World arenavirus infection, as administration of convalescent-phase serum at an early infection stage significantly reduces morbidity and mortality of JUNV infection from greater than 15% to less than 1% (33, 44) . T cell responses might also be involved in countering New World arenavirus infection, as, similar to the case for LASV infection, neutralizing antibodies often appear several weeks after resolution of JUNV infection (68) . JUNVspecific T cell responses have also been detected in patients vaccinated with Candid 1 (63) . Thus, vaccination strategies aimed at generating cell-mediated immune responses against VOL. 74, 2010 MULTIVALENT CROSS-PROTECTIVE VACCINE FOR ARENAVIRUSES 159 both Old and New World arenaviruses should be considered, especially because T cell recognition of virus-infected cells is less vulnerable to viral mutation than antibody-mediated immunity (75, 96) .
Identification of CD8 ؉ and CD4 ؉ T Cell-Mediated Immune Responses in Animal Models of Arenavirus Infection
LCMV, the prototypic member of the Arenaviridae family, is arguably one of the most well studied viruses in terms of murine CD8
ϩ and CD4 ϩ T cell responses (reviewed in references 52 and 87). This is in part because experimental infection of mice with LCMV can lead to several different immune response and disease outcomes that are dependent on the route of infection, the virus strain utilized, and the age of the mouse inoculated. Acute infections can be established by intraperitoneal (i.p.) inoculation of immunocompetent mice with the Armstrong clone 53b strain of LCMV, as this results in a largely asymptomatic infection that is resolved 8 to 10 days postinfection. Resolution of infection is dependent primarily on a cell-mediated immune response, specifically, perforinmediated lysis of infected cells by CD8 ϩ T cells (49, 101) . In contrast, intracranial (i.c.) inoculation with the same virus strain results in lethal choriomeningitis. At 6 to 9 days postinfection, these animals die as a result of an immunopathological CD8 ϩ T cell response directed against infected cells in the choroid plexus and the meninges (21) . The murine i.c. infection model is highly relevant to human disease, as this is the same mechanism that causes LCMV-induced aseptic meningitis in humans (20) .
Chronic infections, which are ultimately cleared, can be established in immunocompetent mice by intravenous inoculation with immunosuppressive strains of LCMV, including clone 13, Traub, WE, and WE docile (12) . During a chronic LCMV infection, virus-specific CD8 ϩ and CD4 ϩ T cells become functionally exhausted, with impaired cytokine production and proliferation (6) . Finally, life-long persistent infections can be established by inoculation of immunologically immature mice, either in utero or within 24 h of birth, with several different strains of LCMV, such as Armstrong and others.
Unlike other pathogenic arenaviruses (i.e., LASV, JUNV, MACV, GTOV, and SABV), which require BSL-4 containment, most studies involving different laboratory strains of LCMV in mice necessitate only BSL-2 facilities, as accidental inoculation (i.e., needle stick injury or aerosol exposure) with these strains typically does not result in severe hemorrhagic fever in humans. That said, it should be noted that the National Institutes of Health (NIH), which defines human pathogens by risk group (RG), lists most laboratory strains of LCMV as RG-2 (infection rarely serious), while neurotropic strains (i.e., strain Armstrong clone 53b) are classified as RG-3 (infections may be serious or lethal, but there is a low risk of spread to the community) (http://oba.od.nih.gov/oba/rac /guidelines_02/APPENDIX_B.htm#_Toc7238339). Additionally, as most human outbreaks have been associated with transmission from hamsters (22) , experimental models of LCMV infection in hamsters are recommended to be conducted at BSL-3 by the Centers for Disease Control and Prevention (CDC) (http://www.cdc.gov/od/ohs/biosfty/bmbl5/BMBL_5th_Edition .pdf). Finally, BSL-3 conditions are also recommended by the CDC for activities with high potential for aerosol generation or when working with strains of LCMV shown to be lethal in NHPs (98) .
We utilized the murine model of acute LCMV Armstrong infection to validate the approaches intended for use in the human studies. Indeed, we found that a significant fraction of the CD8 ϩ CD44 hi effector T cell response in C57BL/6J (H-2 b ) mice acutely infected with the Armstrong strain of LCMV was not accounted for by previously identified viral epitopes (56) . Utilizing a combination of bioinformatic epitope prediction and overlapping peptides, we identified 19 novel epitopes (Table 2), which together with the 9 previously known epitopes accounted for the total CD8 ϩ CD44 hi response. Strikingly, 15 of the 19 new epitopes were derived from the viral L polymerase, which was not previously recognized as a target of the ) mice with the indicated peptide and subsequently challenging with either an i.p. inoculation of LCMV to measure a reduction in viral titers or an i.c. inoculation of a lethal LCMV dose to measure survival. ND, the protective capacity was not determined; ϩ/Ϫ, partial protection. c Reference(s) for epitope identification and/or protection studies.
cellular response during arenavirus infections. Furthermore, L epitope immunization was shown to be protective against LCMV challenge. In summary, these results validated our epitope identification approach and illustrated how CD8 ϩ T cell responses to arenaviruses are highly multispecific, thus suggesting that many different epitope candidates might also be recognized following human infection.
In a subsequent study, we further investigated the basis of immunodominance of LCMV-specific CD8 ϩ T cell responses (57) . Several factors have been suggested to contribute to CD8 ϩ T cell immunodominance (reviewed in references 105 and 106). Of importance are the efficiency of antigen processing and presentation (27, 30, 74) , binding affinity of peptides to MHC class I (85, 95) , stability of the peptide-MHC class I complex (59) , and epitope abundance on the surface of antigen-presenting cells (APCs) (39, 58) . Immunodominance hierarchies have also found to be influenced by viral load and the kinetics of viral protein expression during infection (77, 93, 102, 103) . Although less well defined, the kinetics of the CD8 ϩ T cell response to antigen (61), T cell receptor (TCR) avidity (92) , variations in the naïve CD8 ϩ T cell repertoire (15, 38, 45, 58) , and immunoregulatory mechanisms are also thought to play critical roles (4) . How these factors are coordinated to determine CD8 ϩ T cell immunodominance has been only partially defined.
To evaluate the role of epitope competition in immunodominance, we manipulated the number of CD8 ϩ T cell epitopes that could be recognized during acute LCMV infection. Either decreasing total epitope numbers by infecting H-2 b mice with an LCMV variant lacking dominant epitopes or wild-type LCMV infection of C57BL/6J mice lacking H-2K b resulted in minor gamma interferon (IFN-␥) response increases for the remaining epitopes and no novel epitopes being recognized. Increasing epitope numbers by infecting H-2 b F 1 hybrid mice (H-2 bxa , H-2 bxd , H-2 bxk , and H-2 bxs ) with LCMV, delivery of LCMV proteins by a recombinant vaccinia virus (rVACV), or epitope delivery as a pool in incomplete Freund's adjuvant (IFA) maintained the overall CD8 ϩ T cell response pattern. Thus, we found that the immunodominance hierarchy is largely unaffected by epitope deletion or addition. We observed a positive correlation between MHC binding affinity and the magnitude of the epitope-specific CD8 ϩ T cell response following LCMV infection. Furthermore, the naïve CD8 ϩ T cell precursor frequency, directly measured by LCMV-specific tetramer staining, also correlated with the CD8 ϩ T cell response hierarchy seen after LCMV infection. Thus, our results indicated that an intrinsic property of the epitope (MHC binding affinity) and an intrinsic property of the host (naïve precursor frequency) jointly dictated the immunodominance hierarchy of CD8 ϩ T cell responses. It is difficult to determine if MHC binding affinity is more important than the T cell repertoire in shaping immunodominance hierarchies, as T cell immunogenicity is dependent on peptide-MHC binding. In agreement with previous studies (105, 106) , we recently demonstrated in the VACV system that the efficiency of antigen processing, binding affinity for MHC class I, the nature of the T cell repertoire, and immunoregulatory mechanisms all play important roles in establishing immunodominance (4) . In a practical sense, our results in the LCMV system suggested that a vaccine strategy based on pooling different epitopes should be feasible to elicit simultaneous responses against multiple arenavirus species.
Activation of CD4 ϩ T cells sustains CD8 ϩ T cell responses and is required for effective clearance of acute infection in several different viral systems, including LCMV (70) . Accordingly, we proposed to define and study epitopes recognized by murine CD4 ϩ T cells. In a primary study, we identified LCMVspecific CD4
ϩ T cell epitopes in BALB/c mice (H-2 d ) acutely infected with LCMV Armstrong by utilizing overlapping peptides that spanned the entire LCMV proteome (70) . These studies identified nine novel H-2 d -restricted epitopes and provided the first evidence of a CD4 ϩ T cell response against the Z protein (Table 3) . Furthermore, these studies identified overlapping CD4 ϩ and CD8 ϩ T cell epitopes (NP 116-130 and NP [118] [119] [120] [121] [122] [123] [124] [125] [126] ). In a subsequent study, six H-2 b -restricted epitopes (two known and four novel) were identified in LCMV-infected C57BL/6J (H-2 b ) mice (31) . This study demonstrated a second instance of a CD4 ϩ T cell epitope containing a nested CD8 ϩ T cell epitope (GPC [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] and GPC [33] [34] [35] [36] [37] [38] [39] [40] [41] , respectively). The overlap of the CD4 ϩ and CD8 ϩ T cell immune responses might be related to the immunodominance of particular viral regions and might be influenced by proteasomal processing, MHC binding affinity, and/or TCR repertoires (31) . Taken together, these studies also demonstrated that the LCMV-specific CD4 ϩ T cell response is more complex than previously appreciated.
Finally, to further support the development of animal models of arenavirus infection, we undertook studies toward the identification of arenavirus-derived peptides with the capacity to bind rhesus macaque (Mamu) class I and II MHC molecules with high affinity. These data will enable the establishment of rigorous assays for quantification of arenavirus-specific CD8 ϩ and CD4 ϩ T cells and will be crucial for the development of macaque models of arenavirus infection. Protein sequences from the seven pathogenic arenaviruses listed in Table 1 were scanned, using panels of algorithms available through the 50 ] of Յ100 nM) were identified. For class II binding studies, we tested 298 degenerate HLA-DR binding peptides also derived from the seven pathogenic arenaviruses and found that 220 of these peptides bound to Mamu DR with high affinity. Overall, these studies identified several high-affinity Mamu binding peptides for future studies, and these data have been made available to the scientific community by deposition in the IEDB. In summary, the studies performed in common animal models of arenavirus infection further validated our epitope identification approaches, identified several novel CD8 ϩ and CD4 ϩ T cell epitopes, and established that the viral L polymerase and Z proteins are targets of T cell-mediated immunity. We also demonstrated that CD8 ϩ T cell epitopes derived from the L protein were protective against LCMV challenge, thus illustrating that epitopes from nearly every arenavirus open reading frame (ORF) should be considered for vaccine design. Furthermore, these studies also demonstrated that strict immunodominance is not necessarily applicable to arenavirus-specific T cell responses, as we defined an abundance of viral epitopes. Therefore, a multitude of epitope candidates might be available for the human studies.
Identification of Arenavirus-Specific CD8 ؉ T Cell-Mediated Immune Responses in HLA Transgenic Mice
Two independent studies laid the foundations of our strategy for identifying HLA-restricted epitopes utilizing HLA transgenic mice. As mentioned above, these mice represent an attractive model system because they enable the identification of HLA-restricted epitopes in cases where PBMC from exposed individuals are limiting or not available. HLA transgenic mice permit the evaluation of epitope immunogenicity not only after virus infection but also following direct immunization with isolated epitopes or epitope pools. Furthermore, this model system allowed the evaluation of whether the identified epitopes could confer protection against virus challenge. The data generated from HLA transgenic mice should, however, be interpreted with caution, as it was recently demonstrated that the overlap between the repertoires of VACV-derived epitopes identified in VACV-infected HLA-A*0201 transgenic mice and HLA-A*0201-positive human Dryvax vaccinees is often incomplete (54) .
A primary study, examining LASV-specific CD8 ϩ T cell responses, identified three novel LASV GPC-derived epitopes following peptide immunization of HLA-A*0201 transgenic mice (Table 4) (13) . These three CD8 ϩ T cell epitopes displayed high binding affinity to HLA-A*0201 and were naturally processed from native LASV GPC in human HLA-A*0201-positive target cells. Furthermore, it was demonstrated that immunization with LASV GPC [42] [43] [44] [45] [46] [47] [48] [49] [50] or GPC [60] [61] [62] [63] [64] [65] [66] [67] [68] protected HLA-A*0201 transgenic mice against challenge with an rVACV expressing the LASV GPC. This study was a key element in the validation of our epitope identification strategy, as it showed that challenge with an rVACV expressing an arenavirus protein is a viable method to evaluate, at least in a preliminary fashion, the protective capacity of arenavirus-derived epitopes. This strategy also circumvented the need to perform initial protection evaluations utilizing natural arenavirus infection, which would generally require BSL-4 containment.
In a subsequent study, utilizing strategies similar to those described above, Botten and colleagues identified four novel LCMV-derived epitopes following infection of HLA-A*0201 transgenic mice with LCMV Armstrong (14) . All four LCMVderived epitopes were naturally processed from native LCMV proteins in human HLA-A*0201-positive target cells. Furthermore, peptide immunization of the LCMV GPC 447-455 epitope induced in vivo killing of peptide-pulsed target cells and protected mice against lethal i.c. challenge with LCMV. Taken together, these studies demonstrated the importance of CD8 ϩ T cell-mediated immunity in providing protection against arenavirus infection.
The question remains, however, whether challenge with an rVACV expressing an arenavirus protein would be a sufficient mimic of a natural arenavirus infection. The data from Kotturi et al. suggested that infection of H-2 b mice with either LCMV or different rVACVs, each expressing distinct LCMV proteins, a Peptide position within the GPC, NP, or L protein of prototypic strains of GTOV, JUNV, LASV, LCMV, MACV, SABV, and WWAV.
b Protective capacity was evaluated by immunizing HLA-A*0201 transgenic mice with the indicated peptide individually or as a pool and subsequently challenging with either an i.p. inoculation of LCMV or the appropriate rVACV to measure a reduction in viral titers or an i.c. inoculation of a lethal LCMV dose to measure survival. ND, the protective capacity was not determined.
c Refers to reference for epitope identification and/or protection studies.
yielded a similar set of CD8 ϩ T cell epitopes and immunodominance hierarchy (56) . Likewise, the studies conducted by Botten et al. demonstrated that infection of human HLA-A*0201-positive target cells with an rVACV could be used to detect naturally processed LASV-and LCMV-derived CD8 ϩ T cell epitopes (13, 14) .
Accordingly, as a tool to induce and evaluate HLArestricted CD8
ϩ T cell responses, we generated different rVACVs expressing a panel of proteins from the seven arenaviruses targeted by our studies (55) . More specifically, we constructed rVACVs for ORFs of each arenavirus, including all four proteins (GPC, NP, L, and Z) derived from all seven arenaviruses (Table 5 ). The gene sequences encoding the different arenavirus proteins were derived from prototypic virus strains, and the constructs were engineered using the Western Reserve (WR) strain of VACV. In four cases, (JUNV Z, SABV L, WWAV L, and WWAV Z), rVACVs were not generated because of a lack of sequence information or technical difficulties. The remaining 24 rVACV constructs were generated, arenavirus protein expression was confirmed experimentally for each rVACV through Western blot analysis with infected cell lysates, and these constructs were utilized in the HLA epitope identification studies described below. Furthermore, each rVACV has been deposited in the Biodefense and Emerging Infections Research Resources Repository (BEI Resources; http://www.beiresources.org) (BEIR NR-15486 to NR-15509) as a resource available for the scientific community.
In the next series of experiments, we screened the GPC, L, NP, and Z protein sequences of our seven target arenavirus species for peptides predicted to bind with high affinity to HLA class I molecules. First, to avoid biases and redundancies, we sought to define a representative set of arenavirus protein sequences. Second, we sought to perform the bioinformatic epitope prediction analysis in a manner that would provide balanced coverage of the four different proteins from each virus species. Finally, we focused on epitopes conserved within known protein sequences of a given virus species and, if possible, also among protein sequences from different virus species.
To address the first issue, we developed a database containing protein sequences from the seven arenaviruses, which included a nonredundant set of 333 manually annotated protein sequences (23) . Manual annotation ensured that redundant protein sequences were eliminated, and representative sequences were chosen to emphasize in vivo isolates from exposed humans. All sequence entries were linked to the NCBI and cited PubMed references. Sequence variability analyses were also performed, and the results are hosted in the arenavirus protein sequence database, available at http://epitope.liai .org:8080/projects/arena (23) .
Next, we screened arenavirus sequences for six major HLA class I supertype binding motifs (A01, A02, A03/A11, A24, B07, and B44) (88) , with emphasis on conserved epitopes and balanced virus coverage. To address this issue, for each HLA supertype, we selected up to 30 different candidate epitopes from each virus species and from each of the four GPC, L, NP, and Z proteins. This strategy was utilized to account for the fact that the L protein is much larger than the other arenavirus proteins, and thus, without introducing a specific "filter," the epitope selection would have resulted in a heavy bias in terms of candidate epitopes derived from the L protein. To select the 30 candidate epitopes for each HLA supertype/virus/protein combination, we first selected all peptides with a predicted IC 50 of Յ100 nM from each ORF and then ranked each candidate epitope based on intervirus conservancy (percent identity matches). In conclusion, these analyses allowed the selection of a set of candidate epitopes suitable for further evaluation in HLA transgenic mice.
Next, we determined the antigenicities of the candidate epitopes in HLA transgenic mice. Although epitope predictions were performed for six different HLA class I supertypes, our studies in HLA transgenic mice focused on primarily defining arenavirus-specific epitopes restricted by the HLA-A02 and A03/A11 supertypes (55). To identify HLA-A*0201-restricted CD8 ϩ T cell epitopes, HLA-A*0201 transgenic mice were infected with an rVACV expressing one of the arenavirus proteins. Seven days later, purified splenic CD8 ϩ T cells were assayed in ex vivo IFN-␥ enzyme-linked immunospot (ELISPOT) assays with the predicted epitopes pulsed in human HLA-A*0201-restricted target cells (Fig. 1) . Splenic CD8 ϩ T cells from HLA-A*0201 transgenic mice infected with wild-type VACV were utilized as negative controls. To further address which of the epitopes identified in this first set of experiments was endogenously processed by human APCs, further screenings were conducted. Specifically, HLA-A*0201 transgenic mice were immunized with peptides encoding a minimal epitope sequence, and 11 to 14 days later, CD8 ϩ T cells were assayed for their capacity to recognize rVACVinfected human HLA-A*0201 target cells (expressing the corresponding native arenavirus antigen) in IFN-␥ ELISPOT assays. Utilizing this approach, we evaluated the antigenicities of 467 unique peptides and identified 10 antigenic and endogenously processed epitopes. These epitopes were derived from six out of the seven arenavirus species studied.
To identify HLA-A*1101-restricted CD8 ϩ T cell epitopes, we opted for an alternative epitope identification strategy, as peptides containing positively charged amino acids at the carboxyl termini, such as those bound by the HLA-A*1101 molecule, are not effectively processed in mice (16) . Accordingly, pools of 8 to 11 candidate epitopes were used for direct peptide immunization of HLA-A*1101 transgenic mice. After 11 to 14 days, splenocytes from these mice were incubated with peptide-pulsed HLA-A*1101-restricted target cells in ex vivo IFN-␥ ELISPOT assays (Fig. 2) . These preliminary experi- 
GTOV JUNV LASV LCMV
a ͌, rVACV expressing the particular arenavirus protein was generated and used to identify HLA class I-restricted arenavirus-specific epitopes. ϫ, rVACV was not generated because of a lack of protein sequence information or technical difficulties. Each rVACV has been deposited at the BEI Resources (http://www .beiresources.org) (BEIR NR-15486 to NR-15509).
b LCMV GPC and NP gene expression was placed under the control of the VACV P7.5K early/late promoter, while the remaining arenavirus genes were under the control of a synthetic early/late promoter, PSYN.
VOL. 74, 2010 MULTIVALENT CROSS-PROTECTIVE VACCINE FOR ARENAVIRUSES 163 ments tested 527 unique HLA-A*1101 peptides in peptideimmunized transgenic mice and identified 178 potential candidate epitopes. In a second set of experiments, the 178 candidate epitopes were further tested for endogenous processing by determining whether CD8 ϩ T cells elicited by peptide immunization recognized human HLA-A*1101-positive APCs infected with an rVACV expressing the appropriate native arenavirus protein. Using this strategy, 10 epitopes endogenously processed in human APCs from their respective native arenavirus protein were identified. These epitopes were derived from all four viral proteins and from five different arenaviruses species. In summary, the experiments described here identified 10 HLA-A*0201-and 10 HLA-A*1101-restricted arenavirus epitopes that are endogenously processed by human APCs (Table 4) .
ARENAVIRUS-DERIVED EPITOPES INDUCE CROSS-REACTIVE CD8 ؉ T CELL RESPONSES SPANNING MULTIPLE VIRUS SPECIES
Previous studies have demonstrated T cell cross-reactivity for both Old and New World arenaviruses. It was shown in a guinea pig model that adoptive transfer of LCMV or Moepia virus (MOPV)-immune CD8 ϩ T cells could confer protection against challenge with the highly virulent LASV (48) . Likewise, in a murine model, cell transfer of LCMV-immune CD4 ϩ and CD8 ϩ T cells protected mice from Pichinde virus infection (83) . Furthermore, in humans, T cell clones from patients who have recovered from acute LASV infection showed cross-reactive recognition of MOPV peptides (91) .
Cross-reactive arenavirus epitopes might further increase the coverage afforded by the epitope set against each different arenavirus species. Having defined a set of epitopes covering a diverse set of arenavirus proteins and HLA restrictions, we next sought to address whether these epitopes could induce cross-reactive CD8 ϩ T cell responses that recognize multiple or all seven arenavirus species targeted by our studies. To this end, we compared the amino acid sequence of each epitope to the corresponding sequences within other arenaviruses. We also included in this analysis the LASV-and LCMV-derived HLA-A*0201-restricted epitopes identified by Botten et al. (13, 14) . Peptides containing two or more identical amino acids as the epitope sequence and found in Ն20% of the isolates within an arenavirus species were chosen for further analysis. HLA transgenic mice were immunized with the epitope subcutaneously (s.c.), and 11 to 14 days later splenic CD8 ϩ T cells were tested in IFN-␥ ELISPOT assays with human target cells individually pulsed with the immunizing epitope or the potentially cross-reactive peptides (Fig. 3) . 
CD8
ϩ T cell responses induced by several epitopes were found to be cross-reactive with orthologous peptides found within other arenavirus species (55) . This cross-reactivity was not widespread and was mostly limited to peptides within the Old World or New World arenavirus subgroup. Cross-reactive epitopes were associated mainly with conservative and semiconservative amino acid substitutions at either the primary position 2 anchor residue or the secondary anchor residues at positions 1, 3, and 7. In terms of response magnitude, the CD8 ϩ T cell response to the cross-reactive peptides ranged from 20 to 100% of the epitope-specific response. To determine the percentage of the epitope-specific response, the net IFN-␥ spot-forming cells (SFC) to the epitope and the crossreactive peptide were measured through ELISPOT assays (as VOL. 74, 2010 MULTIVALENT CROSS-PROTECTIVE VACCINE FOR ARENAVIRUSES 165
shown in Fig. 3 ). The percent response was then calculated by dividing the net SFC against the cross-reactive peptide from the net SFC against the epitope. To provide evidence that this level of cross-reactivity was biologically meaningful, the capacity of selected epitopes to protect from heterologous challenge with a virus encoding the cross-reactive antigens was examined. Immunization with the LASV GPC 441-449 epitope protected HLA-A*0201 transgenic mice from heterologous challenge with LCMV, as defined by decreased viral titers in peptide-immunized mice compared to controls (J. Botten and M. J. Buchmeier, unpublished work). Analysis of the CD8 ϩ T cell response at the time of sacrifice demonstrated a vigorous response to the immunizing peptide (LASV GPC [441] [442] [443] [444] [445] [446] [447] [448] [449] ) that was virtually identical in magnitude to the response of the crossreactive peptide (LCMV GPC 447-455 ).
ARENAVIRUS-DERIVED EPITOPES PROVIDE COVERAGE ACROSS DIFFERENT VIRAL SPECIES AND MAJOR ETHNIC POPULATIONS
The experiments described above defined a set of epitopes, restricted by HLA-A*0201 and HLA-A*1101 molecules, that are derived from multiple arenavirus species and viral proteins. In the analyses summarized in the present section, we explore the potential of this epitope set in terms of its capacity to provide broad coverage across different arenavirus species in distinct ethnic populations.
The number of peptides providing coverage of different arenavirus species and viral antigens is summarized in Table 6 . A total of 36 epitopes and cross-reactive peptides have been defined, with an average of about five peptides per arenavirus species (range of two to eight). To estimate, in more detail, the breadth of coverage afforded by this epitope set, each arenavirus-derived peptide was tested for its capacity to bind common HLA alleles from the HLA-A02 and A03/A11 supertypes. These data, together with the frequency of the HLA-A02 and A03/A11 supertype alleles in different ethnic populations, can be used to estimate the projected population coverage afforded by the epitope set (24) . Using the Population Coverage Calculation Tool available through the IEDB, we found that the epitope set provides coverage of 58.5% of the entire population (55) . This coverage was fairly balanced, with an average of about three arenavirus-derived epitopes being recognized from each distinct ethnic population and with little variation in the different ethnicities analyzed. While ϳ60% coverage is significant, it was not sufficient to provide coverage to the vast majority of individuals, irrespective of ethnicity. However, it should be possible to achieve essentially 100% coverage by identifying CD8 ϩ T cell epitopes restricted by additional HLA supertypes, such as A01, A24, B07, and B44, and CD4 ϩ T cell epitopes restricted by the HLA-DR supertype (84, 88) . In conclusion, these data provide a proof-of-concept validation that an epitope set affording broad coverage across different arenavirus species and multiple HLA class I supertypes can be defined.
MULTIVALENT PROTECTIVE CAPACITY OF ARENAVIRUS-DERIVED CD8
؉
T CELL EPITOPES
Next, we addressed whether simultaneous CD8 ϩ T cell responses could be induced against the various epitopes restricted by HLA-A*0201 and HLA-A*1101 and whether these responses could afford protection against multiple arenavirus species. To assay for immunogenicity, various arenavirus epitopes were pooled, based on supertype restriction, in IFA and injected into HLA-A*0201 or HLA-A*1101 transgenic mice. While the CD8 ϩ T cell responses varied somewhat in magnitude, significant simultaneous responses were detected against all HLA-A*0201-restricted epitopes when immunized as a pool into HLA-A*0201 transgenic mice (55) . Likewise, a pool of the HLA-A*1101-restricted CD8 ϩ T cell epitopes was immunogenic when injected in HLA-A*1101 transgenic mice.
Furthermore, vaccination with a cocktail of the HLA-A*0201-restricted epitopes significantly reduced viral titers in HLA-A*0201 transgenic mice following challenge with rVACVs expressing both Old and New World arenavirus antigens (55) . We also found that both epitope-specific and cross-reactive CD8 ϩ T cell responses were significantly boosted following rVACV challenge of peptide pool-immunized mice. Thus, these findings suggest that a cell-mediated vaccine strategy might be able to protect against infection mediated by multiple arenavirus species.
CONCLUSIONS
Here we have reviewed the progress made during the last few years in a project aimed at exploring strategies to elicit multivalent CD8 ϩ and CD4 ϩ T cell responses directed against a panel of seven different arenavirus species that are pathogenic in humans. We have approached this task through the definition of MHC class I-and class II-restricted epitopes in mice, NHPs, and humans. Specifically, we have defined a total of 26 different HLA class I-restricted CD8 ϩ T cell epitopes. Our results from the HLA studies illustrate how the induction of simultaneous cell-mediated immune responses against multiple arenavirus species is possible and that such responses can protect against multiple different arenavirus species. For certain epitopes, cross-reactive CD8 ϩ T cell recognition and protection against heterologous arenavirus challenge were observed. However, this was rather infrequent and was limited mainly to CD8 ϩ T cell cross-reactivity among Old World or New World arenavirus species. Our results further suggest that T cell-mediated protection against numerous arenavirus species will require selection of different epitopes from multiple virus species. a a Includes the sum of the arenavirus epitopes and cross-reactive peptides defined in HLA-A*0201 and HLA-A*1101 transgenic mice (13, 14, 55) .
By targeting epitopes restricted by common HLA supertypes, broad population coverage was achieved. Following this proof-of-concept with the HLA-A02 and A03/A11 supertypes, future studies could expand coverage of other HLA class I supertypes, including A01, A24, B07, and B44, as well as class II supertypes, such as DR. Finally, future studies examining CD8 ϩ and CD4 ϩ T cell responses in arenavirus-immune human donors would directly assess the degree of overlap between arenavirus-specific responses recognized in HLA transgenic mice and humans.
Our study examining the immunodominance of CD8 ϩ T cell responses following LCMV infection demonstrated that the response hierarchy is determined, in part, by the naïve T cell repertoire. Based on these data, it seems reasonable to propose that naïve precursor frequencies could be used as a diagnostic measure of the effectiveness of a particular epitope or antigen in a vaccination setting. This would alleviate the need for obtaining lymphocytes from exposed or immunized individuals, which for arenaviruses and many other pathogens can be logistically difficult. We have also previously established that LCMV epitopes differ in their protective capacities (56, 94) , and interestingly, all epitopes with a naïve precursor frequency of ϳ100 cells or greater per mouse are capable of protecting mice against LCMV infection.
In closing, it should also be noted that the HLA-restricted CD8 ϩ T cell epitopes identified through these studies represent valuable diagnostic reagents for future studies. At present, very little is known regarding the natural history of the human T cell response to arenavirus infection. While it is generally presumed that virus-specific CD8 ϩ T cells play a protective role during human arenavirus infection, a formal demonstration of this is currently lacking. Furthermore, T cells could potentially contribute to disease pathogenesis. The epitopes identified in our studies should make it possible to carefully examine the phenotype and pattern of lymphokine secretion of arenavirus-specific CD8 ϩ T cells during or following arenavirus infection. By conducting such analyses in patients with mild or severe disease, it should be possible to test whether the magnitude and/or polyfunctional phenotype of arenavirus-specific CD8 ϩ T cells is predictive of disease severity. Ultimately, such studies would define the phenotypic characteristics associated with protective T cell responses and provide benchmarks for the evaluation of future arenavirus vaccines. 
